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ABSTRACT
The H2-H20, Ni/YSZ point electrode has been investigated using long-term potential step measurements and imped-
ance spectroscopy at 1273 K. Morphological and structural changes at the electrode interface were evaluated by electron
microscopy, energy dispersive X-ray analysis, and Raman spectroscopy ex situ. The anodic current was found to induce
a self-catalytic effect on the electrode, and the anodic "steady state" current increased to more than twice the initial value
with a time constant of about 40 h. In contrast, cathodic polarization reduced the performance of the electrode, and the
cathodic current decreased significantly with a time constant of about 20 h. Redistribution of material in the reaction
zone is suggested to control most of the changes in electrode activity. At anodic overpotentials it was observed that Ni
was transported to the electrolyte surface, forming a "necklace" of Ni particles around the electrode/electrolyte contact.
This is believed to increase the three-phase boundary (TPB) length and account for the higher activity of the electrode.
At cathodic overpotentials the transfer of Ni to the YSZ was found to be restricted, and it is proposed that agglomeration
of dispersed metal particles reduced the TPB length, and accordingly the cathodic current. In addition to the morpholog-
ical modifications, the catalytic properties of the surfaces were significantly altered as the electrode was polarized.
Transformation from cubic to tetragonal YSZ, due to segregation of the material, was observed on the surface of the elec-
trolyte when the sample was kept at working conditions for long periods of time (135 days). The passage of current was
not found to generate any permanent phase transformation in the YSZ.
Introduction
High temperature gas, metal/yttria stabilized zirconia(YSZ) electrodes are used in technical applications such as
solid oxide fuel cell anodes and Po, sensors. Despite the
many investigations over the last decades, there is still a
lack of detailed knowledge about the processes on such
electrodes.' It is understood that the catalytic activity of
Pt/YSZ electrodes is enhanced by high anodic currents.
According to Pizzini et al.2 the current treatment generates
new catalytic sites which account for the higher activity.
Schouler and Kleitz3 suggested that the electrode reaction
is promoted by the onset of electronic conductivity in the
electrolyte subsurface upon passage of current. This is
believed to result in an expansion of the reaction zone and
give rise to the low-frequency inductive loop observed in
the impedance spectra. Recently, Jacobsen et al.45 ob-
served that transport of electrolyte material was induced
by the current at the 0, Pt/YSZ point electrodes. These
morphological changes are suggested to give rise to varia-
tions in the extension of the reaction zone and, conse-
quently, account for the inductive relaxation times in the
order of 2.5 to 26 h.
Understanding the catalytic and morphological proper-
ties of metal/YSZ electrodes is mandatory before the elec-
trochemical processes can be evaluated in detail. The pre-
sent work is treating these phenomena with respect to the
H2-H20, Ni/YSZ point electrode, which is a geometrically
simplified model of the Ni/YSZ cermet anode used in solid
oxide fuel cells.
Experimental
The working electrodes were prepared from nickel wires,
either 1 mm (99.8%) or 0.5 mm in diameter (99.9%). The
wire was bent into a U shape and held in place with an alu-
mina support. Polycrystalline YSZ electrolytes containing
8 mol % Y203 were manufactured as described by Mogen-
sen et al.6 They were produced from Tosoh TZ8Y powder,
isostatically pressed at about 400 MPa for 30 s and sintered
at 1600°C for 2 h in air. The surface of the electrolyte was
then polished with 1 p.m diamond paste before the cell was
mounted in a three-electrode four-wire arrangement as
shown in Fig. 1. The electrode was pressed against the elec-
trolyte with a weight of about 460 g, corresponding to a
* Electrochemical Society Active Member.
mechanical pressure in the order of 10 MPa. The elec-
trode/electrolyte contact area was typically about 0.5 mm2,
estimated both from the Newman formula7 and from scan-
ning electron micrographs of the electrolyte surface.
Fig. 1. Cross section of the cell configuration. The working elec-
trode (WE) was made by bending a Ni wire into U shape and
mounting it in a two-bore A1203 tube. An Al203 wei9ht pressed the
working electrode against the electrolyte and held it in position.
The counter electrode (CE) was a stripe of Pt paste painted around
the periphery of the cylindrical YSZ pellet. The electrolyte was
mounted on top of an Al203 tube and sealed by a gold 0-ring (Au).
A Pt point exposed to synthetic air was used as the reference elec-
trode (RE). The whole assembly was placed inside a high-purity
A1203 tube in the furnace. The temperature was controlled by a
thermocouple (T.C.) next to the working electrode. Further details
are in the text.
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Six electrodes were investigated in various H2-H20 mix-
tures diluted with N2 to a total pressure of 1 atm. The dry
H2-N2 mixtures were bubbled through a temperature-con-
trolled bottle of distilled water. In this way up to 50% H2O(g)
was supplied in the gas flow to the furnace. The gas pipe
between the bubbler and the furnace was heated at least
30 K above the actual dew point to avoid condensation of
vapor. The partial pressure of 112°(g) was verified both by
measuring the open-circuit potential, typically within
2 mV from the theoretical potential, and by measuring the
amount of water collected by a condensation trap in the
exhaust gas. The gas flow through the working electrode
compartment was equal to 180 mL/min at room tempera-
ture. The temperature at the electrode was 1273 K. Each
electrode assembly was operated for periods varying from 5
to 135 days. Long-term potential step measurements and
impedance spectroscopy (Solartron 1286/Solartron 1255)
were used to characterize the electrodes at potentials from
—750 to —1250 mV vs. the air, Pt/YSZ electrode. The im-
pedance spectra were recorded in the 100 kHz to 5 mHz
cyclic frequency range with an amplitude of 20 my.
After cooling and disassembling the cell, the working
electrode and the electrolyte were investigated by low-vac-
uum scanning electron microscopy (LVSEM) (JEOL JSM
5310) and environmental scanning electron microscopy
(ESEM) (Electroscan 2020) with energy dispersive X-ray
analysis (EDX) (Link Isis). The crystallographic phases of
the YSZ at, and near the electrode contact point were stud-
ied by Raman spectroscopy through a microscope (Dilor
XY 800 with a modified Olympus microscope). The radia-
tion source was a 514.5 nm Ar laser supplying a power
equivalent to about 75 mW at the sample. The spectroscope
was calibrated vs. the Artplasma spectrum while the
spectral slit width was 4.4 cm1. The magnification was 50
or 100 times, corresponding to a lateral resolution of ap-
proximately 70 to 35 p.m. Some of the YSZ samples were
analyzed by X-ray diffraction (Philips with a modified
PW1O5O gonimeter) to verify the crystallographic phases of
the bulk electrolyte. The instument was using Cu Ku radi-
ation with the wavelength K = 1.54059 A.
Results
After heating to the working temperature, the Ni wire
electrodes deformed plastically under the applied
mechanical pressure, and an intimate contact with the
electrolyte was achieved. By impedance spectroscopy one
could observe how the electrolyte resistance, R,, and the
polarization resistance developed during the mechanical
relaxation of the nickel. The potential step measurements
were not initiated before 10 to 20 h after the start of the
experiments, well after the formation of a geometrical sta-
ble contact between the Ni wire and the electrolyte. The
effect of mechanical deformation can therefore be ignored
in the experiments described below. Since the electrode
area is not well defined and a qualitative description was
the main object of these investigations, the current and the
impedance measurements are reported in absolute quanti-
ties instead of being related to the specific electrode area.
The applied potential was kept constant during the poten-
tial-step measurements, i.e., not corrected for the varying
ohmic (IRs) voltage drop as the current changes. However,
the lack of IR compensation does not alter the general
trends reported and discussed below. Unless otherwise
noted, the potentials reported here are corrected numeri-
cally after the measurement.
Long-term potential-step measurements—A typical
anodic potential-step measurement is presented in Fig. 2.
Although the time constants of the initial current transient
could not be resolved, the current, I increased inductively
from zero to about 140 p.A within 5 s. A small decrease fol-
lowed during the next 10 h, before a pronounced increase
in the electrode activity was observed, resulting in a
steady-state current more than twice the initial level. This
slow transient is fitted to the equation
1(t) = P — (P — 1°) exp(—t/'r)
Fig. 2. Anodic current and electrolyte resistance in 50% H2 and
5% H20 as function of time at —750 mV vs. Pt/air (non-IR,-cor-
rected). The IR,-corrected overpotential at steady state, i
230 mV. The time constant for the slow increase in the current is
estimated to be 40 h, whereas the change in the electrolyte resist-
ance has a time constant of '—80 h. Prior to the anodic potential
step, the electrode had been polarized to various cathodic overpo-
tentials for 320 h.
where I is expressed as a function of time t, time constant
r, steady-state current I', and initial current 10. From the
fitting result, 'r is estimated to be 40 h for the current
increase in Fig. 2. Figure 2 also shows how R decreased
over the same period. The measurements indicated that R,
decreased somewhat more slowly than I increased. A
rough estimate, based on a fit to an equation of the same
form as Eq. 1, suggests r 80 h.
A cathodic polarization-step measurement was perform-
ed on the same electrode sample; it is presented in Fig. 3.
The electrode had been resting at open-circuit voltage (OCV)
for 6 h after a series of various anodic polarization experi-
ments for a total period of 307 h. The cathodic current in-
creased over the first hour in a pseudo-inductive manner
and reached a maximum before the electrode performance
began to deteriorate. I decreased about 65% before steady
state was reached with 'r 20 h. R increased during the
cathodic polarization and returned approximately to the
value observed prior to the preceding anodic polarization.
The estimated r for this increase was about 35 h. In another
experiment the electrode was left at OCV for 70 h after com-
pleting an anodic potential step. During this period R
increased by 4%. When a cathodic potential step was ap-
plied to the electrode, R, increased further, although ten
times more slowly than in Fig. 3, equivalent to 'r 350 h.
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Fig. 3. Cathodic current and electrolyte resistance in 50% H2 and
5% HO as a function of time at —1150 mY vs. Pt/air (non-IR,-cor-
rected). The IR,-corrected ii,,
—147 mV. The time constant for the
slow decrease in current is estimated to 20 h, whereas the change
in electrolyte resistance had a time constant of 35 h. Prior to this
experiment the electrode had been polarized continuously to vari-
ous anodic overpotentials for a period of 307 h. The electrode was
allowed to rest at open circuit for 6 h before the potential step[1] measurement started.
Downloaded 28 Jun 2010 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
2246 J. Electrochern. Soc., Vol. 145, No. 7, July 1998 The Electrochemical Society, Inc.
Time [hi
Fig. 4. Cathodic current and electrolyte resistance in 30% H2 and
10% H20 as a function of time at —1086 mV vs. Pt/air (nan-IR,-
corrected). The IR,-corrected —149 mV. The time constant for
the slow increase in current is estimated to be 20 h, whereas the
change in electrolyte resistance had a time constant of 35 h. After
heating to the operating temperature, the cell had been resting at
OCV for 2 days before the cathodic step was applied.
The variations in I followed approximately the same time
constants as in Fig. 3, but the relative current decrease was
only 17%, significantly less than in the first case, where the
electrode was not allowed to rest as long at open circuit.
By alternating the polarization of the electrode between
anodic and cathodic potentials, we found that the catalyt-
ic activity of the electrode and the changes in R could be
reversed. However, the activity of the electrodes was hard-
ly reproducible in the sense that the same steady-state
current could be measured at the same potential in con-
secutive cycles. If the potential was reversed to its former
level, after a short period (a few hours) at a lower overpo-
tential, the steady-state current was obtained faster, yet
not necessarily at the same level as previously. The long-
62 term electrode performance and the potential-step tran-
sients were also depending on the polarization history of
the electrode over the preceding days. Keeping the elec-60 trode polarized to high anodic overpotentials generated
lower OCV polarization resistance than polarization to
58 cathodic or moderate anodic potentials.
a The electrode had been polarized to anodic and cathod-56 - ic overpotentials several times before the measurement
presented in Fig. 3 was performed. Two electrodes were
polarized to cathodic potentials without any preceding
54 anodic polarization to distinguish the effects of anodic and
cathodic polarization. The result in Fig. 4, for one of the
electrodes, shows an activation rather than deactivation
and also that R, was decreasing. Only minor changes in the
electrode activity and R, were observed for the other elec-
trode during the initial cathodic polarization. This is in
contrast to the observations on electrodes that had been
polarized to anodic potentials prior to the cathodic step.
Impedance zpectroscopy.—At open-circuit potential, the
impedance spectra resembled a depressed semicircle in the
Nyquist diagram, as shown in Fig. 5a. When the electrode
was polarized to moderate anodic or cathodic overpoten-
tials a low-frequency inductive loop developed, as ob-
served in Fig. Sb and d. The inductive loops were also ob-
served during the long-term pseudo-capacative relaxation
at cathodic overpotentials, as when I decreased at constant
polarization in Fig. 3. Figure Sc shows that at higher anod-
ic overpotentials the low-frequency tail is inflected back
into the capacative quadrant of the Nyquist diagram. The
shape of the spectra changed slowly to their new steady-
state appearance. The time required for this transforma-
tion was the same as the time necessary to reach F.
Because the minimum cyclic frequency in the present
impedance spectra was 5 mHz, the maximum time con-
stant that could be measured was in the order of 10 to
100 s. A simple fit of the low-frequency arc to an RQ-par-
allel circuit9 rendered time constants in the range from 5 to
Fig. 5. Impedance spectra at(a) —980 mV vs. air in 21%
H2/3% H20 (open circuit) (b)
755 mV vs. air in 50% 1-12/50/0
H20 (i,, 121 my), (c)
—770 mVvs. air in 21% H2/3%
H20 (, 213 mV), and (d)
—1149 mV vs. air in 50%
112/5% H20 (lb, —147 mY).
The potential values are IR,-cor-
rected.
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80 s when using the relationship for "equivalent capacity"
given by Jacobsen et al.,4 R and Q denoting ohmic resist-
ance and constant-phase element, respectively. The slow-
est time constants of the impedance spectra are thus
orders of magnitude less than the time constants observed
in the long-term potential-step measurements.
Micro graph studies and EDX analysis—The interface
between YSZ and Ni was investigated ex situ after the
samples had been cooled and dismounted. When examining
the electrolyte surface, three characteristic areas could be
distinguished after the electrochemical treatment. In Fig. 6,
these have been classified as, A, the free electrolyte surface,
B, the border zone along the Ni/YSZ contact area, and, C,
the actual contact area. By EDX analysis the particles at
the periphery of the contact area were identified as metal-
lic Ni. The marks and imprints that are visible on the YSZ
surface between the metal grains were probably left by Ni
particles which broke loose during handling of the sample.
At greater magnification, as in Fig. 7, the crystal planes of
the Ni particles can be seen, suggesting that the particles
consist of only a few crystallites. Several smaller particles
were discovered next to the Ni grains in Fig. 7. These prob-
ably also consist of Ni, as no other impurity element was
detected in any significant amount in this area.
Ni particles forming a necklace around the contact area
were only found on two of the samples (Fig. 6 and 7). One
of these had been polarized for 6 days and only at anodic
potentials, while the other had been operated at both anod-
ic and cathodic potentials over a period of 135 days. There
was no significant difference in the amount of Ni in the
border area although one of the electrodes had been in
operation about 25 times longer than the other. In compar-
ison, the two samples that were polarized only to cathodic
potentials did not reveal any distributed metallic nickel
around the periphery of the Ni/YSZ contact area, suggest-
ing that the formation of Ni particles at the YSZ is pro-
moted only at anodic potentials. No cavities could be found
on the Ni wire adjacent to the contact area on any of the
samples, as illustrated for example in Fig. 8, showing that
the Ni grains observed in the border area cannot simply
have scaled off from the wire.
For two out of the six samples, the electrode adhered so
strongly to the electrolyte that pieces of YSZ were ripped
out of the electrolyte when the cell was dismounted, as
shown in Fig. 8. The bonding may have occurred due to the
high mechanical pressure between the electrode and the
electrolyte.'° The interfaces of these samples could not eas-
ily be studied by scanning electron micrographs, and it
was impossible to establish whether any Ni particles had
been present on the periphery of the contact area for these
samples.
Figure 9 shows a section of the central contact area for
a cell that had been operated at various anodic potentials
for about six days. The grain boundaries are significantly
etched; in addition, several grains are detached from the
electrolyte by intergranular fracture. Similar etching and
weakening of grain boundaries were found on several of
the samples, but most clearly on the samples that had been
polarized only to anodic potentials. On the samples that
were polarized only to cathodic potentials, one could
hardly distinguish the grain boundaries at all. The surface
of the electrodes had imprints of grain boundaries and
scratches on the electrolyte surface, verifying that an inti-
mate contact prevailed between Ni and YSZ.
Elemental analysis showed that some amount of Ni
could be found on the contact area of the YSZ surface and
was slightly enriched in the grain boundaries. An accumu-
lation of the impurity elements Mn, Si, 0, and Ti was
observed in the dark areas between B and C in Fig. 6. The
existence of Mn associated with excess oxygen was ob-
served on several of the samples. Most of the contamina-
tion was usually found in the actual Ni/YSZ interface.
Raman spectroscopy and X-ray diffraction analysis.—
The spectrum in Fig. 10 was recorded at marker A in
Fig. 8. According to Kjerulf-Jensen et al. ,' a broad asym-
metric peak between 600 and 630 cm' is characteristic for
Fig. 6. ESEM micrograph of
the YSZ surface at the periphery
of the contact area. Three re-
gions can be identified: the free
YSZ surface, A; the border re-
gion with adhering Ni particles,
B; and the actual contact area
of the Ni electrode, C. The cell
had been operated in various
gas mixtures and at different
anodic and cathodic overpoten-
tials for 135 days.
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Fig. 7. ESEM micrograph of
Ni particles adhering to the YSZ
surface in the border region of
the electrode contact area. This
electrode had been operated in
30% H2/3% H20 at various
anodic overpotentials for about
6 days.
Fig. 8. LVSEM micrograph of
a Ni electrode. A fragment of
the YSZ electrolyte is adhering
to the electrode, identified by
marker A. The area around
marker B shows the bore Ni
metal with some very thin lay-
ers of YSZ and impurities accu-
mulated at the interface dunn
operation. This sample ha
been operated in 30% H2/3%
H20 at various anodic overpo-
tentials for about 3 days.
1 OCII-r'i
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Fig. 9. LVSEM micrograph of
the YSZ surface in the electrode
contact area. The grain bound-
aries have been etched during
the electrochemical treatment.
Some of the grains were ripped
out when the electrode was sep-
arated from the electrolyte.
Scratches from the sample
preparation (polishing) are visi-
ble. Some sample as in Fig. 7.
cubic YSZ. Peaks at lower wavenumbers are caused by
off-center phonons in the cubic phase. The fluorescence
bands at 956 and 1020 cm are possibly due to impuri-
ties." Figure 10 is virtually identical to spectra recorded
on nonpolarized YSZ and can be regarded as a reference
spectrum for the present cubic YSZ samples.
Spectra were obtained from the electrode contact area,
from the periphery of the contact area and from the free
YSZ surface on all the samples. The bands for cubic zirco-
nia were recorded from all the samples exposed to operat-
ing conditions up to 21 days, although the signals were
quite weak in some of the spectra. The weaker signals can
be accounted for by the shielding effect of metallic Ni par-
ticles. As Fig. 11 shows, spectra recorded at very thin resi-
due of YSZ on the Ni surface (marker B in Fig. 8) includ-
ed several bands in addition to the response from cubic
YSZ. The intensity of these new bands varied at different
4000
3000
a
, 2000
(I'
0
100
Fig. 10. Raman spectrum of YSZ grains adhering to the Ni elec-
trode (obtained at marker A in Fig. 8). These grains were situated
up to 100 p.m into the bulk electrolyte before they were ripped out
when the cell was dismounted. The grains thus represent bulk
electrolyte.
positions across the surface, indicating that more than one
unidentified phase was present at the Ni/YSZ interface.
Raman spectra from the only long time exposed sample
(135 days at operating conditions) did not show any indi-
cation of cubic zirconia. Instead the bands of this spec-
trum (Fig. 12) are located at the wavenumbers reported for
tetragonal YSZ." Identical spectra were found all across
the electrolyte, both in the electrode contact area and on
the free surface. On the contrary, X-ray diffractograms of
the same sample had reflections exclusively from cubic
YSZ as Fig. 13 shows. Compared to the Raman spectra, the
X-ray diffraction pattern is due to the whole bulk of the
electrolyte and not just a limited layer on the surface of
the electrolyte. The tetragonal YSZ signal in Fig. 12 thus
represents only the surface of the electrolyte.
Discussion
In general, the performance of an electrode is defined by
the specific activity of the reaction zone and its geometric
extension. Changes in I when the temperature, potential,
and partial pressures of H. and H,O are kept constant are
3000
2500
2000
a
1500
1000
500
0
100
Fig. 11. Raman spectrum of the thin layer of YSZ adhering to the
Ni electrode (obtained at marker B in Fig. 8).
300 500 700 900 1100
Wavenumber [cm']
300 500 700 900 1100
Wavenumber [cm1)
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Fig. 12. Raman spectrum of the YSZ surface outside the elec-
trode contact area of the long-term sample. The spectrum was
recorded at marker A in Fig. 6.
t
C
L)
to
'aCVto
C
Fi9. 13. X-ray diffractagram of the bulk YSZ electrolyte after
135 h operation (same sample as in Fig. 12). All peaks are identi-
fied as due to cubic YSZ of the fluorite structure.
therefore due to variations in one or both of these proper-
ties. According to Newman,7 H, depends on the conduc-
tivity of the electrolyte at the interface and the radius of
contact area. For a circular contact area the formula
H, = (4ar,Y' [2]
is valid, where a is the specific conductivity of the elec-
trolyte and r, is the radius of the contact. Although in our
case the contact area between the Ni wire and the elec-
trolyte was elliptical, the observed changes in H, should be
due to changes in a and/or the effective r,.
It was observed that the long-term anodic activation of
the electrode depends on the polarization history over the
previous days. Since the deactivation at cathodic poten-
tials was significant only for electrodes that previously
had been polarized to anodic overpotentials, one may sug-
gest that the change was dominated by relaxation from an
activated state generated during the previous anodic
polarization. Taking into account the observation that Ni
particles were created around the electrode at anodic over-
potentials and not at cathodic overpotentials, the H,-H,O,
Ni/YSZ anode should be regarded as a dynamic system
characterized by redistribution of Ni on the electrolyte
surface. Transport of Ni from the electrode to the elec-
trolyte surface would create more, or larger, metal grains.
If these were in contact with both the Ni wire and the elec-
trolyte, the effective TPB length would increase compared
to the initial electrode contact circumference. Simultane-
ous agglomeration would reduce the number of Ni parti-
cles and counteract the TPB expansion. In the beginning
4CCC
E?a 1500
to
'a
CVto
C
Wavenumber [cm1]
12000
flIJuu ,
(111)
9000
(220)
3000
of an anodic potential step, the transfer of Ni will domi-
nate over the agglomeration, and the reaction zone will in-
crease. An apparent steady state will be established when
the two processes counterbalance and the TPB length is
constant. The extended reaction zone is anticipated to
accommodate higher I, and reduce the R, due to the wider
contact area. The experimental observations conform to
this idea, although considerable variations in the anodic
current from 40 to 140 h after polarization show that no
real steady state is obtained.
Assuming that the transfer of Ni species to the elec-
trolyte is suppressed at OCV and cathodic overpotentials,
the agglomeration processes will dominate over the cre-
ation of new particles. The predicted effects would be
reduced TBP length, decreasing I and higher H,, as are in
fact observed experimentally.
Irrespective of the actual transport mechanism, the
results strongly indicate that Ni species are transferred to
the electrolyte by the passage of anodic current. Under the
assumption of no temperature gradient, the driving force
must be related to gradients in the chemical or electro-
chemical potentials near the TPB. Very close to the TPB
there is a sharp gradient in the PH,o/PH, ratio when current
is drawn from the electrode. During anodic polarization,
the equivalent Po, is highest at the TPB, while for cathod-
ic polarization the gradient for increasing Po, is directed
outward. Gubner et al.12 claim that diffusion of Ni(OH),
vapor accounts for a significant transportation of Ni in the
Ni/YSZ cermet electrode, in particular at high oxygen
partial pressures where Ni(OH), is more stable. We suggest
that the same mechanism is taking place on the single con-
tact H,-H,O, Ni/YSZ electrode. Thermodynamic calcula-
tions using the online F*A*C*T 2.1 EQUILIB-Web pro-
(311) gram13 show that a minimum of 1 sm' Ni(, may leave the
reaction zone per hour. This result is based on a gas
exchange equal to the H,-consumption at the electrode
0 when 1 = 300 p.A. A gas mixture equivalent to PH,o/PH, =
30 40 50 60 70 10 was chosen to simulate the equilibrium ratio at
—750 mV vs. the air, Pt/YSZ electrode. All chemical reac-
20 [Degrees] tions were assumed to be at equilibrium. The estimated Ni
transport is one or two orders of magnitude too small to
account for the amount of metal found as particles on the
electrolyte. However, the agitation caused by gas flow
through the furnace will cause a considerably higher gas
exchange and Ni transport from the electrode. Because the
P11,0/PH, ratio quickly decreases away from the TPB, most
of the Ni precipitates as metal near the electrode/elec-
trolyte contact, and a substantial amount of Ni accumu-
lates in this area.
Alternatively, Ni ions may be transferred electrochemi-
cally from the electrode to the electrolyte by an underpo-
tential deposition mechanism. The ions are then reduced
to neutral Ni when leaving the anodic reaction zone. Al-
though bulk thermodynamics are not in favor of this
mechanism, NiO is suggested to exist on the metal surface
even in reducing atmospheres.'4 Since a small amount of
NiO is soluble in YSZ, "it may be possible that Ni species
interact with the electrolyte and are transferred by surface
or subsurface diffusion from the Ni/YSZ interface. None
of the above hypotheses has been evaluated experimental-
1h but all the suggested mechanisms support the fact that
the transfer of Ni increases with increasing anodic over-
potential. Due to the high surface mobility of Ni at the
present temperature,' spillover of Ni atoms to the electro-
lyte may be an additional Ni redistribution mechanism.
However, this process would not depend on the direction
of the electrode current and is therefore probably of little
significance.As seen in Fig. 2 to 3, 1 reaches steady state faster than
H,; consequently more than one process must be contribut-
ing to the variations in the electrode activity and H,. Etch-
ing of the electrolyte grain boundaries and transport of
YSZ species may have contributed to the morphological
changes, although this would not give rise to deviating
time constants. Changes in the catalytic activity of the
materials or the electrolyte conductivity must have taken
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place simultaneously with the material redistribution. A
change in the properties of the electrode or the electrolyte
surfaces can also rationalize the gradual change from a
positive to a negative inductance as I increased toward
steady state at high anodic overpotentials. Compared to
the results of Bay and Jacobsen,5 the anodic activation of
the H2, 1120, Ni/YSZ electrode is much stronger than for
the 02, Pt/YSZ electrode. At cathodic potentials the 02,
Pt/YSZ electrode was activated, contrary to what was ob-
served for the H2, H20, Ni/YSZ electrode in the present in-
vestigation. In addition are the time constants longer than
those observed for our electrode. Knowing that Ni species
have several orders of magnitude higher partial pressures
in H2-H20 mixtures than Pt species have in 02 atmos-
pheres, we believe that the dominating activation/deacti-
vation mechanism in the 112, 1120, Ni/YSZ electrode is the
morphological changes due to redistribution of Ni.
The time constants found by long-term potential-step
measurements are about four orders of magnitude larger
than for the low-frequency response of the ac impedance.
The processes accounting for variations in material prop-
erties and morphology cannot be directly reflected in the
impedance spectra. A theoretical model which involves
two or more adsorbed species, was able to account for the
low-frequency inductive tail of the impedance spectra.17'8
Because the model allows negative inductive elements, it
also describes roughly the low-frequency tail when it
curves back into the capacative quadrant of the spectrum,
as in Fig. 5c. A thorough discussion of this model will be
presented elsewhere.19 Other explanations for the induc-
tive low-frequency impedance signal that were mentioned
in the introduction do not comply with our results. An ex-
tension of the reaction zone due to electronic conductivity
in the electrolyte subsurface or changes in the TPB length'
cannot account for a transition to negative inductance at
increasing anodic overpotentials (Fig. 5c). Guindet et al.2°
suggested that a negative inductive tail was due to passi-
vation of the Ni electrode at high potentials, but when
comparing Fig. 5b and c this cannot be the case. It is
unlikely that the electrode (in Fig. 5c) was more prone to
oxidation in a more reducing atmosphere and at a lower
absolute electrode potential. The negative inductive loop
is therefore related to the overpotential, not to the abso-
lute potential, and is probably a result of the faradaic pro-
cesses as described by the theoretical impedance model.'9
Ex situ Raman spectroscopy did not reveal any perma-
nent phase change near the electrode contact point. The
tetragonal phase covering the surface of the long-time
exposed sample is most likely due to aging of the sample
and not the electrochemical processes at the electrode.2'
The opaque character of the YSZ grains reduced the sur-
face sensitivity of the Raman spectra. Combined with the
rather coarse lateral resolution, signals from any secondary
surface structure may not be sufficiently strong to be
detected. Any current-induced reorganization of the inter-
face structure cannot conclusively be excluded by these
experiments.
The impurity elements identified with EDX analysis at
the Ni/YSZ interface may be contained in the unidentified
phases resolved by Raman spectroscopy in the same area. It
is, of course, possible that these contaminations interact
with the electrolyte surface and modify the specific cat-
alytic activity of the electrode and R through r. Neverthe-
less, this does not alter the conclusions regarding the effect
of material transport which is considered as the primary
mechanism for activation and deactivation of the electrode.
Conclusions
Long-term potential-step measurements have shown
that the 117-1120, Ni/YSZ point electrode induces a self-
catalytic effect at anodic overpotentials. At cathodic over-
potentials, the electrode activity is constant or reduced
with time. Ni particles are growing at the YSZ surface
during anodic polarization, resulting in an extension of
the TPB length and increasing electrode activity. At cath-
odic overpotentials, new Ni particles are not created, but
if they are present from previous anodic polarization, they
tend to agglomerate. Further variations in the electrode
activity are caused by slow changes in the area specific
catalytic properties of the surfaces. The results show that
the low-frequency response in the impedance spectra is
dominated by faradaic relaxation processes rather than
structural or morphological variations.
Phase transformations were observed on the long-term
electrolyte sample, but these are attributed to segregation
of the YSZ. The passage of current was not found to gen-
erate any permanent phase transformation in the YSZ.
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On the Reduction of Lithium Insertion Capacity in
Hard-Carbon Anode Materials with Increasing
Heat-Treatment Temperature
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Department of Physics, Dalhousie University, Halifax, Nova Scotia, Canada, B3H 3J5
ABSTRACT
"Non-graphitizable" or "hard" carbon anode materials have almost twice the capacity (per unit mass) of graphitic
materials that currently represent the industrial standard for Li-ion batteries. One problem with hard carbon is the small
hysteresis in the voltage profile between charge and discharge. This small hysteresis has been correlated to residual
hydrogen content after pyrolysis (<0.5% by mass) and can almost be eliminated by increasing the heat-treatment tem-
perature (HTT) above 1100°C. However at this temperature hard carbon begins to show a reduction in reversible capaci-
ty. This capacity reduction is correlated to a shift in chemical potential of lithium inserted into thehard-carbon structure
and to the closure of micropores in the sample. Hard carbons were prepared by pyrolysis of sucrose between HTTs of 900
and 1400°C. The structure of these materials was determined by wide angle X-ray scattering (WAXS) and small-angle
X-ray scattering (SAXS). WAXS results show that the number of stacked layers increases with HTT,and SAXS meas-
urements show that the micropore size also increases with HTT. N2 Brunauer-Emmett-Teller (BET) surface area and CO2
gas adsorption measurements show a dramatic decrease in surface area and open microporevolume for HTTs greater than
1100°C. These results indicate that the micropores in the samples begin to close and produce what we call "embedded
fullerenes." Based on recent results of intercalation in C09, we believe that embedded fullerenes are impenetrable by lithi-
um, and as a result the number of available sites for lithium insertion decreases. This, we propose,is the mechanism for
the observed capacity loss in hard carbon at HTTs greater than 1100°C.
Introduction
Hard-carbon anode materials with large reversible
capacity have been reported by numerous authors.'5 In
Fig. 1, a typical hard-carbon voltage profile is compared to
that of a graphitic material that typifies the negative elec-
trode (anode) materials found in commercial Li-ion bat-
teries. Hard carbons have two major deficiencies: the large
irreversible capacity and the hysteresis between charge
and discharge in the voltage profile. We have recently
shown6 that the irreversible capacity in hard carbon can
be reduced to 50 mAh/g through the chemical vapor depo-
sition (CVD) of a carbonaceous material on the surface of
the carbon from ethylene gas. Hence, reducing the hys-
teresis in the voltage profile is critical for optimizing the
performance of hard carbon in practical Li-ion cells.
The hysteresis in the voltage profile has been correlated
to the residual hydrogen content in hard carbons that
decreases with increased HTT.27'8 In order to reduce the
hysteresis one would simply increase the HTT and drive
off more hydrogen from the sample in the form of H2 or
CH4 gas. However, before the hysteresis is eliminated, the
lithium insertion capacity begins to decrease above a crit-
ical temperature. Understanding why this reduction in
capacity occurs is the goal of this paper.
We have prepared a series of samples from sucrose pyro-
lyzed at temperatures between 900 and 1400°C. Electro-
chemical methods were used to measure the differential
capacity of the samples as a function of voltage. X-ray
diffraction, SAXS, and CO2 gas adsorption measurements
were used to characterize the stacking of graphene sheets,
the number and size of niicropores and the open microp-
orosity of the samples. We show that the lithium insertion
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capacity associated with the filling of the micropores is
eliminated as the HTT increases. This occurs for two rea-
sons. First, the micropores close as the HTT increases, there-
by preventing Li insertion. Second, the chemical potential
of the Li inserted in the micropores increases to nearly that
Hysteresis Related to High
Hydrogen Content (0-0.5% by mass)
0 200 400 600 800
Capacity (mAh/g)
Fig. . The voltage profiles of a typical hard carbon anode mate-
rial and MCMB, a graphitic material. The hard carbon voltage curve
has been shifted by 3 V for clarity.
C
Irreversible
Sucrose Pyrolyzed @ 1050t
>
C)C)
CD
0>
Reversible Capacity
3
n
Industrial Bench Mark - MCMB
Downloaded 28 Jun 2010 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
